Structure determination of the HIV-1 envelope glycoprotein (Env) presented a number of challenges, but several high-resolution structures have now become available. 
recombinant expression systems, as well as stabilized soluble versions of the glycoproteins, were essential for successful structure determination. Even for influenza hemagglutinin, a robust recombinant expression system that could provide sufficient quantities for structural studies was not developed until 2004. 8 Despite the best efforts from the community worldwide, it was not until the development of stabilized Env trimers by John Moore, James Binley and Rogier Sanders that a promising solution was found for HIV-1 Env. Engineering of a disulfide (SOS) between gp120 and gp41 to covalently hold the subunits together 9, 10 and an isoleucine to proline mutation in the HR1 region of gp41 to aid in trimer formation led to a stabilized trimer called SOSIP 11 that finally enabled a soluble,
cleaved Env trimer to be assembled and expressed (reviewed in this issue by Sanders and Moore). 12 But it took another 11 years to find a candidate Env with optimal solubility, stability, as well as sufficient expression levels, for high-resolution structures to be undertaken by cryo-electron microscopy (cryo-EM) 13 and by X-ray crystallography.
14 Other viral glycoproteins have proved equally challenging and production of recombinant and engineered proteins were also essential to determine their three-dimensional structures. Some examples include the F glycoprotein parainfluenza virus 5, 15 glycoprotein G from vesicular stomatitis virus, 16 the fusion protein from respiratory syncytial virus, 17, 18 the Ebola virus glycoprotein, [19] [20] [21] an E2 core protein from hepatitis C virus, 22, 23 the human coronavirus spike glycoprotein, 24 the prefusion glycoprotein of LCMV, 25 full-length herpes simplex virus 1 glycoprotein B, 26 the Phleboviral envelope glycoprotein, 27 the Puumala virus Gn glycoprotein, 28 and hemagglutinin-esterases from rat coronavirus and mouse hepatitis virus. 29 Many of these are very recent structures that illustrate the significant advances that have been made in structure determination of viral glycoproteins.
| HIV-1 GLYCOPROTEIN STRUCTURES-THE FIRST GENERATION
The first structures of any Env components came via crystal structures of the postfusion conformation of gp41 HR1 and HR2 helical domains from Peter Kim, Don Wiley, and Min Lu in 1997. [30] [31] [32] The following year, Peter Kwong, Rich Wyatt, Joe Sodroski, and Wayne Hendrickson, after many years of innovative work, determined the crystal structure of the gp120 core domain of HIV-1 in 1998 in complex with soluble CD4 (sCD4) and a CD4i neutralizing antibody, 17b. 33 For many years, the gp120 core became the gold standard for analyzing gp120
and its interaction with antibodies and other ligands, and gradually its completeness was increased through adding variable loops, such as V3, 34 and regions of the N-and C-termini of gp120 that interact with gp41. 35 Eventually unliganded structures of gp120 were obtained that looked remarkably similar to the receptor-bound forms. 36 In the interim, description and analysis of Env trimers remained in the domain of electron microscopy, particularly cryo-electron tomography (cryo-ET). [37] [38] [39] Low resolution snapshots of the Env trimer of the surface of both SIV and HIV 37 generated controversy over the exact nature of the trimer configuration and whether the base resembled a tripod 38 or a trimeric helical bundle, 39 a question that still remains unanswered. It became clear that binding of CD4 induced changes in the trimer and was much more open at the trimer apex after CD4
and Fab 17b (a CD4i antibody) were bound to the CD4 binding site (CD4bs). 40 The flexible nature of the trimers thus became apparent from this early cryo-ET work and further studies by cryo-EM revealed multiple conformations of the Env trimer that were related to the conformational rearrangements that the trimer must undergo to attain its fusion-active form after receptor binding 41 as well as a structure of the prefusion form. 42 Importantly, some antibodies were shown to stabilize the prefusion, closed form of the trimer. 41 For soluble forms of the trimer, structure determination proceeded slowly despite the advent of the SOSIP trimer. to a critical advance here as, of all the constructs screened, a clade A BG505 SOSIP trimer looked the best in negative-stain EM in terms of trimers that were compact, properly folded, and emulated trimers on the surface of the virus. 45 Thus, this BG505 trimer was selected for further immunological and structural studies and was found to be very stable with a melting temperature (Tm) of 68.1°C, bound all known broadly neutralizing antibodies (except MPER Abs as MPER was not present in the construct), and was highly homogeneous and folded into a native-like structure as evaluated quantitatively by negativestain EM. 46 The importance of cleavage between gp120 and gp41 for attaining a native conformation was also demonstrated to be critical. 47 This soluble, cleaved BG505 SOSIP trimer then became the template for achieving the long-awaited Env trimer structure. Broadly neutralizing antibodies were also to play a crucial role in the structure determination, both by X-ray crystallography and by cryo-electron microscopy. Until 2008, only a handful of bnAbs were available to facilitate crystallization of the highly glycosylated trimer, but significant advances in methods for isolating human monoclonal antibodies against HIV [reviewed (48)] either by direct neutralization screening of single B cell cultures 49, 50 or from antigen-specific B cell sorting 51, 52 provided a rich and plentiful assortment for structural and functional studies. Indeed, the recombinant BG505 SOSIP trimer itself was later used to select for some of the most potent antibodies to date against the Env trimer. 53, 54 As a result, many antibodies became available to aid in crystallization of the Env trimer. However, heterogeneity of the glycosylation on Env was still a problem until partial deglycosylation of the antibody-SOSIP trimer complexes using EndoH was able to create more homogeneous specimens, 14 
| HIV-1 GLYCOPROTEIN STRUCTURES-THE GLYCAN SHIELD
The glycan shield on HIV-1 has long been thought to act as an impene- and a gp41 or gp41/gp120 base-binding antibody (35O22, 8ANC195, or VRC34), which also aid in crystallization. Antibodies can induce local structural changes within and proximal to their epitopes, particularly in the variable loops (V1-V5), the fusion peptide, and glycans (data not shown). Some of these subtle differences are obvious in the images in the figure V1V2 domain. 66 Both structures demonstrated how antibodies used long CDRH3 loops to penetrate the glycan shield, albeit in a minimal However, in the examples above, the glycans in the x-ray structures are much more homogeneous than on native virions due to expression in cell types such as mammalian HEK 293S cells that restrict the glycoforms to high mannose and which then can be partially trimmed by EndoH. One major advantage of electron microscopy is that the sample protein does not have to be crystallized. Hence, heterogeneous glycosylation can be accommodated in EM structure determination.
The cryo-EM samples were therefore produced in HEK 293T cells with glycosylation profiles similar to that on the virus itself. Indeed, the first cryo-EM structure of the BG505 SOSIP trimer showed a great variety of glycans on the Env surface [see figure S4 of (13)].
It became clear that EM had a major advantage for sample preparation and that the full complement of glycans, high mannose, hybrid and complex, can be present on the specimen for structure determi- 35, 68 Prior to the structures mentioned above, cryo-EM was also again used to visualize the glycan shield-this time with all native glycans that include complex, hybrid and high mannose glycoforms 69, 70 -at atomic resolution. One of these, an almost full-length native structure was determined by Jeong Hyun Lee in the Ward lab using cryo-EM with no stabilizing mutations (Figure 3 )-the membrane proximal external region (MPER) and membrane-spanning region were intact, and only the cytoplasmic tail was deleted from the construct. 69 Extensive complex tri-and tetra-antennary sugars were seen in gp41, particularly those that interacted with the PGT151 bnAb that was used to extract and stabilize the trimer from membranes, but not the extensive glycan canopy in gp120 seen in the x-ray structures.
How do we resolve such differences in the glycans observed in these x-ray and EM structures? In the crystal structures, the glycans are homogeneous, being all high mannose. In the EM structure, the glycans are much more diverse and heterogeneous and would lead to fewer glycans being visualized as multiple glycoforms are present at many positions, especially those that mainly consist of complex and hybrid glycans. 71 But, for the high mannose patch on gp120, which should be relatively homogeneous in both, 71-73 fewer sugars and glycan interactions were seen in the EM structure. Natural glycan processing may to some extent account for this as it depends on the entire constellation of glycans surrounding each and every glycan-even the high mannose patch has complex or hybrid sugars interspersed between and surrounding the high mannose clusters that may make them more heterogeneous in the native versus high mannose glycoproteins. Completely homogenous high mannose sugars may also have a greater tendency to cluster and form defined interactions, but that has still to be verified. The x-ray structures were also complexed with antibodies that interact with and help order glycans as noted in previous x-ray 14, 59, 63 and EM 13 studies. In the x-ray structures, 67 two antibodies are bound to gp120 and one to gp41, whereas in the cryo-EM structure, 69 only one antibody PGT151 is bound asymmetrically (and only two per trimer) at the gp120/gp41 interface. Thus, nine antibodies are bound per trimer in the x-ray structure and only two per trimer in the EM structure. Notably, the most ordered glycans in gp120 in the x-ray structure, as well as the complex glycans in gp41 in the cryo-EM structure, are proximal to where the antibodies are bound. A further x-ray structure of BG505 SOSIP with three 8ANC195 G52K5 Fabs bound per trimer also showed highly ordered high mannose glycans surrounding the bound antibody. 62 Thus, it is now well-appreciated that, when antibodies bind to their glycopeptide epitopes, they can help order the glycans that are part of or proximal to the epitopes. Finally, it might it possible that crystallization can select out more ordered glycoforms, or the crystallization buffer and low pH may artificially promote glycan-glycan interaction.
Notwithstanding, a great swath of supple sugars, numbering around 1000, covers the HIV Env surface and forms a protective gly- nature and diversity of the glycan shield and that can more rapidly elicit antibodies that protect against HIV infection.
An outstanding question that remained is the exact composition of the glycans or the glycoforms at individual glycosylation sites within the Env trimer ( Figure 4) . In order to construct more complete models of the Env trimer than include the glycan shield, it is essential to know what are the specific glycans or collection of glycans that can be built into the x-ray electron density or the EM reconstructions. It has been known for some time that a high level of glycan homogeneity existed in a region known as the high mannose patch [75] [76] [77] (Figure 4 ), due to steric crowding that impeded secondary processing from high mannose sugars to more complex glycoforms by glycosidases. 73, 75 This secondary processing takes place in the golgi after the protein is fully folded and hence reflects either the capability or inability of glycosidases to access their glycan substrates on the Env protein [see figure 4 of (72)]. Thus, the tightly crowded high mannose patch on the outer surface of gp120 is essentially independent of the cell line used for protein expression.
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In gp41, as the glycan sites are further apart (Figure 4) , more complex or hybrid glycans predominate and the glycosylation then becomes cell-line dependent due to the differential activities of glycosidases in different cell lines. 73 Another important feature is that cleavage of the trimer is critical in attaining proper native-like glycosylation-uncleaved trimers have more processed glycoforms 73 indicating that structure is not folded into the closed native conformation. 47 Indeed, non-native uncleaved gp120 proteins also contain aberrant disulfide bonds. 78 Thus, a substantial breakthrough was required to quantitate the glycan composition at individual glycosylation sites and that was achieved recently by using mass spectrometry to analyze the glycoforms on the Env trimer. 71 The site-specific glycosylation separated into sites that were essentially all high mannose, those that were complex, and other site where mixtures of glycoform types were present. The high mannose patch extends like a belt around the central region of gp120 on the trimer and the more complex forms are mainly located at the trimer apex and the gp41 base with mixed forms scattered more sparsely throughout ( Figure 4) . Thus, this new glycan information is invaluable for not only constructing the best models of Env glycoproteins but also for design of immunogens that more accurately mimic the viral Env.
| SOLUBLE SOSIP TRIMERS FROM OTHER CLADES
After finding a soluble cleaved SOSIP trimer (BG505) that was suitable for both structural and immunological studies, it was not clear how animal models. 82 The Kwong group has similarly used this platform to construct trimers from clades B and G. 67 Thus, the SOSIP trimer platform has now been successfully applied to many different strains and subtypes (Figures 1 and 2 ) and thus is of general utility for producing soluble Env trimers for structural and vaccines studies.
| ALTERNATE HIV-1 ENV TRIMER PLATFORMS
Other platforms have also been explored for the production of Env trimers ( Figure 3 ). We will not discuss here the expression of uncleaved trimers containing foldon and Leu-zipper domains as these trimers do not fold into native-like configurations. 47, 83 We will focus on more recent platforms where native-like Env conformations have been obtained using different designs. Two of these designs modify the cleavage site between gp120 and gp41 ( Figure 3) . One of these designs, termed native flexibly linked (NFL), replaces the natural cleavage sequence REKR with Gly 4 -Ser linkers between the natural C-terminus of gp120 and N-terminus of gp41, 84 where two such repeats were optimal. This more flexible linker, which also increases the distance between the normal C-terminus of gp120 and N-terminus of gp41, appears to allow the uncleaved trimers on BG505 and JR-FL backbone to achieve native-like configurations in the absence of cleavage by furin. However, the I559P mutation that was necessary for stabilization of SOSIP trimers was also required here. This NFL platform has now been used to express Env proteins for other B and C subtypes by incorporating residues from BG505 that are important for trimer formation [called trimer-derived residues (TD)]. 85 A similar design also experimented with inserting GlySer linkers in place of the cleavage sequence on a BG505 backbone where a linker of 15 residues gave optimal properties. This construct maintained the SOSIP mutations (SOS: A501C-T605C and IP: I559P). 86 Thus, these designs resulted in soluble Env trimers that did not need furin for cleavage to achieve native-like conformations and, hence, could potentially simplify the expression of Env trimers.
Using the available Env trimer structures, further efforts to stabilize the soluble Env trimer for immunogen design have been undertaken.
These efforts have been quite successful at increasing the melting temperature of trimers by up to approximately 20°C. A variety of mutations have now been introduced to stabilize the closed prefusion conformation of the Env trimer 87 and also engineering a disulfide into the bridging sheet to prevent the conformational change to the CD4 bound form. 33, 85 Another recent design has focused on redesigning the largely disordered loop (HR1 N ) in the soluble Env constructs connecting the central HR1 helix to the FPPR. 88 Stable trimers that express well were obtained using a designed shorter HR1 N region that was used for production of native-like structures. Further replacement of the cleavage site, as with the designs above, with both short and long linkers led to another platform that can be used to produce soluble Env trimers, called UFO trimers (Figure 3 ), in high purity and yield for different HIV strains and subtypes.
| STRUCTURAL PLASTICITY
We have focused so far on ways to make soluble, stable Env trimers for structural, immunological and vaccine studies. However, viral fusion glycoproteins in general are metastable and undergo complex conformational rearrangements in transitioning from the prefusion form that binds receptor to the postfusion form that is able to fuse the viral membrane with the host cell membrane to transfer the viral genome into the cell for replication. However, it appears that the HIV-1 Env protein is more unstable than its counterpart on influenza virus, where its envelope glycoprotein (hemagglutinin) can be readily cleaved from the virus 2, 6 or expressed as a soluble, highly stable protein. 6 The RSV protein is also quite unstable and readily adopts a postfusion form even on the surface of the virus before cell entry.
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Recent studies from Walther Mothes and colleagues using singlemolecule fluorescence resonance energy transfer (FRET) have vividly demonstrated that unliganded HIV Env is intrinsically dynamic and that it flickers between three distinct conformation on the viral surface. 89, 90 Binding of bnAbs, as well as the natural receptor CD4, can influence the relative distribution of these conformations. 89 Thus, it is not surprising that the recombinant forms of the Env protein also have similar but dampened dynamic character, as they are inherent to the protein itself and not on the engineering or expression system used.
This flexibility manifests itself in the reactivity under some conditions (e.g. ELISA) of soluble SOSIP trimers with V3 antibodies where it appears that slight opening of the apex can expose the highly immunogenic V3 loop. 46 Indeed, different strains and subtypes appear to vary in the extent to which they are fully closed. 80 We have called these 
| FUSION PEPTIDE
In other viral proteins such as influenza hemagglutinin, the fusion peptide (FP) is buried deeply between subunits within the trimer core. 6 The fusion peptide is a highly conserved sequence at the N-terminus of gp41 that is liberated after furin cleavage of gp160. The fusion peptide was not observed in the initial soluble Env protein structures, but the location of the fusion peptide proximal region suggested that it might indeed be close to the viral surface. In most SOSIP structures, the first 5-10 residues of the FP point toward the solvent and are disordered. Unlike other type I fusion viral glycoproteins, the FP appears to point away from the core of the trimer, extending past HR2
and toward glycans at N611 and N637. The full fusion peptide has recently been resolved but only in the presence of bnAbs (PGT151 and VRC34) that target this region (Figures 1 and 2) . The fusion peptide is fully exposed in these structures in the interface between the antibody and the Env surface and constitutes a major component of the epitopes. 69, 92 Thus, somewhat unexpectedly, the fusion peptide is accessible to antibodies and has now become yet another target for HIV vaccine design.
| EPITOPES OF BNABS AND GLYCAN HOLES
The highly glycosylated surface of Env presents a barrier that bnAbs must negotiate to access the peptide surface, either by directly binding the glycans or avoiding them as much as possible. 63 Thus, all of the epitopes except 2G12 are comprised of a mixture of peptide and glycan elements [reviewed (48) ]. The available peptide surface on Env outside of the CD4bs is typically very small and most bnAbs have long CDR H3 loops that can navigate through the glycan shield and contact the underlying protein residues to access an epitope composed of both glycan and peptide residues. Recently, immunization of rabbits with the BG505 SOSIP trimer resulted in a neutralizing antibody response that was directed to a breach in the glycan shield where glycans were not present in BG505 as in some other strains and subtypes. 93 BG505 has three glycans that are absent compared to more glycosylated Env proteins and the antibodies seem to be able to access this "glycan hole" more readily. 93 This observation suggests that the immune response prefers to target accessible peptide surface and that the glycans act as a largely impenetrable barrier for some time after infection. In fact, even highly potent and evolved bnAbs typically exhibit a relatively slow on rate of binding that is likely attributable to negotiating the glycan shield.
In contrast with these limited observations to date for vaccine- within an individual after infection, and the months to years before bnAbs evolve, perhaps allows the immune system more time to target many other sites in addition to the receptor binding site and fusion domain. Many broadly neutralizing antibodies also target the high mannose patch, which because of the homogeneity in glycans, is more conserved than one might have imagined given normal glycan heterogeneity. Some of the antibodies also appear to be effective in stabilizing prefusion versions of the Env trimer and thereby prevent the conformational changes and rearrangements associated with receptor and co-receptor binding and fusion. 97 
| CONCLUSIONS AND FUTURE PERSPECTIVES
It is remarkable that, in the short space of 3 years, 16 x-ray and cryo-EM structures of Env trimers from 3 to 6 Å resolution have been determined given that no atomic-level structures existed before 2013. A combination of different factors contributed to these recent successes and included the critical development of a stable soluble trimer that was native-like and amenable for high-resolution structural studies. 46 An equally important component for structure determination was the diverse assortment of human broadly neutralizing antibodies that became increasingly available after 2008. [48] [49] [50] [51] [52] [53] [54] The Fabs from these antibodies could be exploited in a combinatorial manner using high-throughput crystallization screens with Env trimers, and robotic systems [e.g. see (98) ] to improve the odds of forming a crystal lattice that minimized contacts with the heterogeneous glycosylation of the Env trimer and could produce crystals that diffract to high resolution. These antibodies were also not only important for crystallization, but also for providing appropriate mass and features for single particle cryo-EM. Furthermore, these antibody complexes have elucidated the structure and features of the broadly neutralizing epitopes in the context of the trimer and accelerated the design of immunogens as vaccine candidates. The soluble Env trimers from the BG505 strain have provided the majority of the structures determined to date, but this SOSIP platform has turned out to be transferable to other strains and subtypes (Figures 1 and 2 ). These breakthroughs inspired the design of other platforms that capitalized on the stabilizing mutations that proved critical in the SOSIP constructs ( Figure 3 ). While it became clear that uncleaved trimers did not fold into compact trimers, 47 two groups explored replacing the cleavage site with a linker that would provide more flexibility and enable the uncleaved trimers to adopt a native-like prefusion trimer configuration [84] [85] [86] (Figure 3 ). The original I559P mutation that was essential to stabilize the SOSIP trimers is in a highly flexible loop that zips up into a helical structure in the postfusion form after receptor and co-receptor binding. This proline mutation reduced the propensity for such a conformational change. In another design effort, this loop was assumed to be a major cause of the trimer metastabilitythus, the HR1 N loop was shortened and modified in sequence to prevent such a helical postfusion conformation and, when combined with addition of a flexible linker between gp120 and gp41, led to a platform that produced good yields of soluble trimers for a diverse array of strains and subtypes 88 ( Figure 3) . Thus, within a short span of 2-3 years, new Env trimers were produced on different backbones with different platforms and with increased stability that clearly illustrated that such modifications did not perturb the conserved Env trimer fold and could accommodate the regions of sequence and structural hypervariability (Figures 1 and 2 ).
The next major breakthrough came from determining the structure of a native trimer without any stabilizing mutations. Antibody PGT151
can stabilize native trimers on membranes 91 that enables the native trimer to be extracted for structural studies. The cryo-EM structure of an almost full-length JR-FL native trimer with MPER and the transmembrane domain, but without the cytoplasmic domain, was determined 69 and then compared to the soluble Env protein (Figures 1 and   2 ). While subtle differences were seen in the apex and in the FPPR, the overall fold was very similar for the native and soluble trimers that put to rest any lingering questions about differences in soluble versus native trimers. What the glycan shield looked like was also addressed in these studies ( Figure 4 ) as well as site-specific information on the composition of the glycoforms at individual glycosylation sites.
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Thus, we now have an excellent and graphic representation of the glycans covering and protecting the Env protein surface from these structural and functional analyses (Figure 4 ). The myriad of complexes with diverse antibodies has also uncovered a much greater number of broadly neutralizing epitopes than expected and provided invaluable information for design of immunogens as vaccine candidates.
What then is next? As structural biologists, we are always trying to achieve the highest resolution structures to provide a better understanding of structure and function. Pushing the resolution to around 2 Å will also aid substantially in immunogen design. So achieving better crystals and, in particular, utilizing the enormous advances in cryo-EM will undoubtedly enable the current 3 Å barrier to broken. 
